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Synergistic use of GPCR modelling and SDM experiments to

understand ligand binding

Summary

There is a substantial amount of historical ligand binding data available from site-directed
mutagenesis (SDM) studies of many different GPCR subtypes. This information was generated prior
to the wave of GPCR crystal structure, in an effort to understand ligand binding with a view to drug
discovery. Concerted efforts to determine the atomic structure of GPCRs have proven extremely
successful and there are now more than 80 GPCR crystal structure in the PDB database, many of
which have been obtained in the presence of receptor ligands and associated G proteins. These
structural data enable the generation of computational model structures for all GPCRs, including those
for which crystal structure do not yet exist. The power of these models in designing novel ligands,
especially those with improved residence times, and for better understanding receptor function can be
enhanced tremendously by combining them synergistically with historic SDM ligand binding data.
Here, we describe a protocol by which historic SDM binding data and receptor models may be used to

together to identify novel key residues for mutagenesis studies.
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1. Introduction

1.1 Site-directed mutagenesis (SDM) binding studies

Despite their shared seven transmembrane helix structure, GPCRs recognize a wide array of ligands
in many different signaling pathways [1]. Ligand specificity stems from sequence variance between
receptors, at key residues. The mechanism of specificity is important to understand so that structure-

based drug design can achieve high efficacy and avoid off-target side effects. To determine these key



amino acid residues, site-directed mutagenesis (SDM) studies are performed. By comparing binding
values for mutant compare to wildtype receptors, the influence of a given residue on ligand binding
affinity or kinetics can be determined. Many mutagenesis studies have been conducted in a shotgun
approach, but careful targeting of informative mutations for these experiments will enable more

precise information about the role of a given residue to be determined.

Extensive mutagenesis studies were performed on the four adenosine receptor subtypes with the aim
of determining residues that confer binding specificity for each of the receptor subtypes [2]. In
general, these were based on multiple sequence alignments that had been used to identify residues,
that differed between the four receptors, with the view that they might contribute to subtype-specific
ligand binding. These studies led to the design of a number of different subtype-specific ligands [3].
SDM binding studies are still carried out on the adenosine receptors, mostly performing kinetic

binding experiments to rationalize residence time.

1.2 Using GPCR models to elucidate binding

Advances in techniques that stabilize GPCRs, which have many different conformations, have
allowed a greater number of these receptors to be crystallized [4]. Further, these stabilization methods
have enable receptors to be co-crystallized, generating structures with agonist bound to the receptor
[5]. These methods involve specific thermostabilizing mutations and often include the engineering of
a fusion domain between transmembrane helix 5 and 6. If these modifications are restored to the
wildtype residues, homology modelling can be used to further increase the number of receptors for
which accurate models can be obtained. In homology modelling, the model of the receptor is largely
treated as static during drug docking, ignoring ligand flexibility and any conformational changes that
could take place upon ligand binding. The loop regions, particularly extracellular loop 2, have been
found to be involved in ligand binding [6], causing a problem for traditional GPCR homology
modelling as the loop regions tend to be inaccurately predicted. Hierarchical GPCR modelling
protocol (HGMP), described in chapter 19, is a more advanced modelling workflow that addresses

these problems.



The use of residue engineering and the introduction of non-GPCR sequences to stabilize receptors for
improved crystallization means that computational models based on crystal structure are the best
means of exploring structure-function relationships for GPCRs. Using accurate models allows the
mutagenesis data to be put in the 3D context of the binding site, allowing for indirect interactions to
be more easily noted. For the Aza adenosine receptor, viewing mutagenesis studies in the context of a
model has enabled the identification of a hydrophobic pocket, that holds the adenine ring of agonists
[7]. Historic mutagenesis binding data, therefore, when explored in the context of a computational

model can be of great help in understanding ligand binding at the atomic level.

2. Methods

2.1 Models can inform which residues to mutate

The overall process of this workflow is outlined in Fig. 15.1. The first stage of a SDM binding
experiment is to plan which residues to mutate, something that requires careful attention in order to
maximize the amount of information that can be obtained. Identification of a suitable model, either
crystal or homology, should be used as a starting point in planning:

1. Search for a crystal structure for the GPCR to be studied, using the PDB [8].

a. If there are multiple entries for the receptor, make a quick table comparing the
resolution, the ligand bound, if any, and any crystallization techniques that may have
altered the structure of the receptor, including the use of fusion domains and
stabilizing mutations.

b. If there is a single entry for the receptor of interest, it is important to note these
structural features, as they will allow one to assess the reliability of using the
structure for SDM binding experiment design. In cases where the receptor has been
engineered to look at how the receptor functions, for example by fusion of the
receptor with a Gs [9], it may be more suitable to make a homology model for

experimental design.



2.

c. If there are no crystal structures, conduct a literature search to determine whether an
appropriate template structure has previously been used for homology modeling,
otherwise a template can be generated by homology modeling using the crystal
structure of a closely related GPCR:

i. Both template and query sequence structure must be numbered according to
the Ballesteros-Weinstein numbering scheme [10] to allow for better
sequence alignment, which can be achieved with a single command in
Molecular Operating Environment, MOE [11].

ii. Sequence alignment can be performed in MOE or programs like T-Coffee
[12]. MOE s specifically tailored for GPCRs, so that alignment is
constrained to align the conserved residues and GPCR motifs, ensuring that a
correct fit is likely to be achieved.

iii. Homology modelling can also performed in MOE or using MODELLER
[13]. In MOE, side chains are built on a database gathered from a large
rotamer library that has been generated by systematic clustering of high-
resolution PDB data. The model is then minimized using the OPLS-AA
force-field.

iv. To check the quality of the model, scoring is performed. GLAS® tests the
likeliness of a GPCR to the model structure. If using a new template,
however, ProS© should be used instead.

It is important to remember that both homology models and crystal structures are static
versions of a dynamic system. One therefore needs to explore the conformation space of the
ligand to define a binding pocket. Molecular dynamics (MD) simulations can be used to
achieve this. An alternative to using MD simulations is to look at multiple models and
docking results, as the variability in structures will give a picture of a ligands’ conformational
space.

Search for interactions that are present in the model or MD simulations. Hydrogen bonds can

easily be found by predictor tools available in most molecular visualization software



packages, such as PyMOL [14] or UCSF’s Chimera [15]. These software packages can also
be used to view the hydrophobicity surface of the receptor, which may indicate hydrophobic
interactions or buried hydrophilic interactions. Make a list of all these interactions, detailing
their nature and in which model/simulation the interaction was seen, (see Note 1).

Look at the conservation of an interaction, not just in the different models or simulations, but
in other related receptors. To look at the equivalent residue in other receptors, the Ballesteros-
Weinstein numbering scheme is very useful. This is a numbering system devised for class A
GPCRs, allowing a given amino acid to be compared across different GPCRs. In this system,
the number before the decimal point indicates what transmembrane helix the amino acid is in,
the numbers after it specify the location of this residue compared to the helixes conserved
residue which, by convention, is defined as .50. For example, the position that corresponds to
5.58, is on the 5" transmembrane helix and is eight positions away from the conserved
position [10].

Identify the level of structural conservation at a given position, to ascertain whether the
interaction is likely to be conserved. It should be noted that the lack of conservation of an
interaction may also be valuable when looking at receptor specificity, particularly for models
based on nearest neighbors that bind a different endogenous ligand.

Once a residue has been selected for mutagenesis, decide which amino acid the residue will
be mutated to. The usual choice is alanine, as it prevents that residue from making
interactions, is a residue that favors helix formation and is unlikely to cause steric clashes,
due to its size. Alanine mutations can, on occasion, prevent stable expression of the receptor
in which case other amino acids will need to be considered. In those cases, one can mutate to
an amino acid that loses the functional group but retains the relative bulk of the R group.
Mutating a position to two or more different amino acids can detail the nature of the
interaction. To maximize the information gained from making two or more mutants, one of
the mutants should retain the moiety that can make the interaction and the other should lose
the interaction but retain the relative bulk of the R group. Mutation to cysteine can be useful

for cross-linking experiments.



2.2 Selecting ligands for binding studies using models and SDM binding data

Tailoring the selection of ligands for each mutagenesis study will maximize the information gained
from the binding experiments. Four ligands are usually selected for a mutagenesis study that is
intended to determine whether a residue interacts with a specific category of ligand. For radioligand
binding studies, at least one of the ligands must be available as a radiolabeled ligand to allow for
competition binding studies. The following steps will help make this selection of ligand:
1. Look at different interactions made between the receptor and various ligands; to achieve this
crystal structures and homology models with ligands docked into their structure must exist
(see Note 2).
2. From these structures, identify pairs of similar ligands that differ by a single interaction. This
is the residue that will be mutated. These ligands may have similar binding affinity values

because of their similar structure (see Note 3).

2.3 Models and historic SDM binding data add value to the analyses of new SDM binding experiments

After mutagenesis binding studies have been performed, the results should be analyzed in conjunction
with models of the receptor to gain a more informed understanding of the nature of the binding and
the changes that mutagenesis elicits. One should similarly evaluate any existing historic mutagenesis
data with a view to integrating all sources of information needed to put the recently obtained results in
context. This will allow for a comprehensive 3D analysis of binding.
1. Gather all mutagenesis binding study data for the receptor of interest. To find previous
mutagenesis data for a given receptor, one can use GPCRdb’s mutation browser:

http://gpcrdb.org/mutations/ [16]. This will show details of all the mutants that have been

made in a specified receptor which can be made into a database. The entries of the database
must be checked to indicate whether the mutation was made as part of a binding study or if it
was mutated for some other purpose, these latter entries should be removed. The database will
allow one to check for historic data for the residue of interest. After the removal of non-

binding study data, the ligands used in each study and the fold differences in ligand binding


http://gpcrdb.org/mutations/

values to the mutant compared to the wildtype can be added by searching the reference
associated with each entry. If no mutants have been made for binding studies with the
receptor of interest, another closely related receptor can be used. In these cases, the models of
the two receptors should be superimposed, (see Note 4), to check for equivalent residues.

2. Map the historic mutagenesis study results to the models of the receptors that have the ligands
used in the binding study docked. This can be done by editing the color of residues that have
significantly different binding values for a given ligand using a molecular visualization
software package, such as PyMOL or Chimera. The current experimental results should also
be mapped to the model.

3. Check the position of the residue that has been mutated in comparison with other residues that
are colored because of a significant binding difference. This comparison with other residues is
not obvious when looking solely at the sequence or the residue numbers because structurally
adjacent residues may be on different transmembrane helices, so the model to which the
mutagenesis studies were mapped must be used. Significant results located some distance
from the predicted binding pocket, as seen from docking or a crystal structure, may indicate a
secondary binding site. It is important to look at interactions between the residue of interest
and other residues to check for possible indirect interactions with the ligand. The mapped
model will indicate whether the residues of indirect interaction play a significant role in
binding. The properties of the residues surrounding the mutant residue, in the model, are also
important to consider as these may reveal a hydrophobic pocket or a buried hydrophilic
interaction.

Fig. 15.2 shows an output of this workflow for the example case of understanding NECA binding to
the Aza adenosine receptor. SDM NECA binding data for the A.a receptor was used to make the
mapped model [17, 18]. This mapped model can be used to help explain the SDM binding data.
Looking at Ser277 and Thr88, in the context of the mapped model, rationalized why these mutants
caused loss of binding only to agonists because of their proximity to the ribose ring not present in

adenosine receptor antagonists.



2.4 SDM data can be used to select a docking pose

Docking a ligand into a receptor results in many distinct docking poses. Selection of the correct pose

from the list of docked positions can be tricky as the only selection criterion given is an arbitrary

docking score. Using the following methodology, SDM binding data can give experimental validation

for selection of a given pose:

1.

Work out the binding pocket of the GPCR. This can be done by looking at the locations of
mutagenesis binding studies with significant results for that ligand, or if those data are not
available, use any ligand for which data exist. This will give a quick selection criterion that
should halve the number of docking results.

Check that key interactions, predicted using SDM binding data and the methodology detailed
in section 2.3, are possible in each docked pose. Hydrogen bond predictor tools can be useful
to help determine this but it is important to remember that the receptor is flexible, which is
something that is not accounted for in docking.

Make certain that the orientation of the ligand corresponds to most the significant
mutagenesis binding studies data; these significant residues can be colored so that they can be

easily identified.

3. Notes

1.

4.

Distance measurements can be used to increase the conformational space of the ligand,
overcoming the issue of having a static model. Residues within a specified distance from the
ligand can be selected.

If one is docking an agonist, the model must be an active structure. This means that the
original crystal structure must have an agonist bound to the receptor.

For the adenosine receptors, there are position-substituted ligands that are particularly useful
for blocking a potential interaction; these can be compared to the unsubstituted ligand (e.g.
CPA and R-PIA are both N®-substituted agonists).

UCSF’s Chimera has a ‘MatchMaker’ feature [15], found under ‘Structure Comparison’ in

the ‘Tools’ dropdown, which is good at quickly overlaying structures. This finds the best



4,

10.

overall fit between the two receptors however selection can be made to just include specific

residues, like those the binding site.
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Figure Captions

Figure 1. Flow diagram of a simplified version of the methodology detailed in this chapter. Diamond

shaped boxes represent decisions that need to be made and the rounded rectangle boxes represents

inputs that help carry out a task.

Figure 2. A model of the Aza adenosine receptor with SDM binding data for NECA mapped, using

the methodology described in this protocol. Residues, which when mutated have significantly

different binding affinity value compared to the wildtype, are colored in pink and are in stick

representation. NECA, the ligand, is also shown in stick representation and is tan colored.



